Introduction
============

In pathogenesis of myocardial ischemia the coronary blood flow perfusion declines due to the changes in coronary circulation, thus reducing the oxygen supply to the heart and leading to abnormal myocardial energy metabolism, which often causes myocardial damage. Ischemic heart disease is one of the major diseases seriously threatening human health in today\'s society. Various types of angina and acute myocardial infarction (AMI) often lead to sudden death of patients, and their morbidity and mortality rates are high world-wide ([@b1-etm-0-0-8413]).

Apoptosis is a kind of normal physiological mechanism of the body, as well as another form of death different from necrosis. Under physiological conditions, apoptosis is involved in regulating the renewal of normal cells and clearance of abnormal cells from the body, and maintaining homeostasis. Under pathological conditions, apoptosis is related to ischemia, reperfusion injury, abnormal virus infection, transplant rejection and tumors ([@b2-etm-0-0-8413]--[@b4-etm-0-0-8413]).

Myocardial ischemia is one of the strong inducers of myocardial apoptosis ([@b5-etm-0-0-8413]). After MI, the central areas of infarction mainly present necrosis of myocardial cells, due to severe ischemia and hypoxia, while in the infarction border region the myocardial cells mainly present apoptosis that is reversible due to milder ischemia. Therefore, reducing myocardial apoptosis in the infarction border region and non-infarction region is of importance for reducing the damage after MI. During apoptosis, downstream effector cysteine aspartic acid-specific protease-3 (Caspase-3) will be eventually activated by endogenous and exogenous pathways ([@b6-etm-0-0-8413]), and Caspase-3 plays an important role in apoptosis after MI ([@b7-etm-0-0-8413],[@b8-etm-0-0-8413]). Moreover, the balance between the pro-apoptotic proteins \[Bid, B-cell lymphoma-2 (Bcl-2) associated X protein (Bax) and Bak\] and anti-apoptotic proteins (Bcl-2 and Bcl-xL) in the Bcl-2 family plays an important role in initiating the endogenous apoptotic pathway ([@b9-etm-0-0-8413]). Bax, induced by myocardial ischemia, can be transported to the mitochondrial outer membrane to initiate the endogenous mitochondrial apoptotic pathway. Due to the activated caspase cascade, the caspase-3 precursors in the cytoplasm are activated and lysed into activated caspase-3, ultimately leading to apoptosis. However, the expression of Bcl-2 can stabilize the mitochondrial membrane and inhibit the occurrence and development of apoptosis.

The Ras homolog gene family (Rho)/Rho kinase signaling pathway is composed of Rho protein, Rho kinase, myosin phosphatase and other signaling molecules. Rho protein is a kind of small-molecule guanine nucleotide-binding protein, also known as small G protein, as well as a member of the Ras protein superfamily, which serves as a signal converter or molecular switch in the cellular signal transduction pathway, and acts on the cytoskeleton and its target proteins, thus exerting various biological effects. Among the Rho family members, Rho member A (RhoA) plays not only an important role in the regulation of cytoskeleton, maintenance of cellular morphology, cell migration, smooth muscle cell contraction and other cell activities, but also has a key role in various biological activities, such as smooth muscle cell proliferation, cell adhesion, platelet aggregation, contact inhibition, growth and apoptosis ([@b10-etm-0-0-8413]--[@b12-etm-0-0-8413]). During cellular metabolism, Rho protein exists in the guanine trinucleotide phosphate (GTP)- and guanine dinucleotide phosphate (GDP)-binding forms, and it induces or terminates the cellular cascade activation through mutual conversion between GDP phosphorylation and GTP dephosphorylation.

The statins, namely 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, are a new type of drugs widely used to lower the cholesterol level. It has been confirmed in evidence-based medicine that in addition to the lipid-lowering effect, statins also possess a series of cardiovascular protective effects, such as anti-inflammation, anti-oxidation, improvement of endothelial function, inhibition on smooth muscle proliferation, and inhibition on platelet aggregation and thrombosis ([@b13-etm-0-0-8413],[@b14-etm-0-0-8413]). Moreover, the non-lipid-lowering effects (such as anti-inflammatory, anti-oxidation and immunoregulatory effects) of fluvastatin (Flu), as a kind of classical statin, have attracted increasing attention. Existing studies have proved that Flu can improve myocardial apoptosis, ventricular remodeling and cardiac dysfunction after MI ([@b15-etm-0-0-8413],[@b16-etm-0-0-8413]), but its mechanism of action has not been clarified yet. In the present study, therefore, the mouse model of AMI was established to explore the antagonistic effect of Flu on AMI and myocardial apoptosis, and elucidate its possible mechanism through the RhoA/Rho-associated coiled-coil protein kinase 1 (ROCK1) pathway, to lay a theoretical foundation for the application of Flu in the prevention and treatment of AMI.

Materials and methods
=====================

### Animals and reagents

This study was approved by the Animal Ethics Committee of Fujian Medical University Animal Center (Quanzhou, China). A total of 40 C57BL/6J mice aged 8 weeks and weighing 17.9±0.6 g with normal nutritional status and mental status, were provided by Laboratory Animal Center of Fujian Medical University. Bcl-2-associated X protein (Bax), Bcl-2, NF-κB, ROCK1, ROCK2 antibodies were from Sigma-Aldrich; Merck KGaA. TUNEL staining kit QIA33 was from Shanghai Shiyi Biotechnology Co., Ltd., and the superoxide dismutase (SOD) and malondialdehyde (MDA) test kits were from Nanjing Jiancheng Bioengineering Research Institute.

### Model establishment and grouping

Before the operation, mice were weighed, intraperitoneally injected with avertin solution at a dose of 0.40--0.75 mg/g for anesthesia, and fixed on a rat plate in supine position. Then, the skin of the neck and precordial region was disinfected with 70% alcohol, and the hair was shaved. After that, the skin of the neck was scissored, and the muscle was bluntly separated, followed by tracheal intubation and connection of a small animal ventilator (positive pressure ventilation 2--3 ml/cycle, frequency 20 cycles/min). Thereafter, the skin of precordial region was scissored, the muscle was bluntly separated, and the chest wall was cut using a pair of scissors at the space between the third and fourth ribs. For 30 mice in AMI group, Flu group, Ang II group (group A), a 7--0 suture needle with suture was used to ligate the left anterior descending coronary artery (coronary artery) at 3--4 mm below the left auricle. For another 10 mice serving as Sham group (group B), the needle was passed through the left anterior descending coronary artery, but the artery was not ligated. Then, the thoracic cavity was closed along the third and fourth ribs, the chest muscles were sutured layer by layer, and finally the chest skin was continuously sewn up. After that, the chest was squeezed to remove thoracic gas to recruit the lungs, the ventilator was removed, and the neck skin was sewn up. Lastly, mice were put on a 40°C insulation platform for regaining consciousness.

### Immunohistochemistry

Paraffin-embedded heart tissue sections were deparaffinized with xylene, dehydrated with graded alcohol, and incubated with warm deionized water containing 0.3% H~2~O~2~ for 30 min. After endogenous peroxide was eliminated, sections were blocked with serum and addeded with primary antibodies for incubation at 4°C overnight. The next day, sections were incubated with IgG antibody-HRP, and dropwise added with the mixture prepared in the biotin and ABC kit for culture, followed by color development with DAB for 10 min. Thereafter, sections were counterstained with hematoxylin, washed, dehydrated and permeabilized. Lastly, sections were observed using an optical microscope.

### Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labeling (TUNEL)

Paraffin-embedded tissue sections were deparaffinized with xylene, dehydrated with graded alcohol, and treated with Proteinase K working solution for 15--30 min at 21--37°C or added with cell-permeable solution for 8 min of reaction. TUNEL reaction mixture was prepared; 50 µl TdT + 450 µl fluorescein-labeled dUTP solution was added and mixed in treatment group, and only 50 µl fluorescein-labeled dUTP solution was added in negative control group. After slides were dried, 50 µl TUNEL reaction mixture (only 50 µl fluorescein-labeled dUTP solution was added in negative control group) was added onto specimens, and slides were then covered with cover slips or sealing films, followed by reaction in the dark and humid chamber at 37°C for 60 min. After the slides were dried, 50 µl converter-POD was added onto specimens, slides were then covered with cover slips or sealing films, followed by reaction in the dark and humid chamber at 37°C for 30 min. Thereafter, sections were added with 50--100 µl DAB substrate for reaction at 15--25°C for 10 min. Then, they were counterstained with hematoxylin or methyl green for a few seconds and rinsed with tap water immediately, dehydrated with graded alcohol, permeabilized with xylene and mounted with neutral gum. A drop of PBS or glycerol was added, and the optical microscope was employed for counting (200--500 cells) and photography. Positive cells were counted, and apoptotic index (AI) = number of positive cells / total number of cells ×100. The mean calculated in each group was used as a representative value.

### Western blotting

Collected tissues were ground in liquid nitrogen, diluted with normal saline and placed on ice. The supernatant was collected and centrifuged at 12,000 × g at 4°C for 5 min, and the supernatant was discarded. The precipitate was re-suspended in radioimmunoprecipitation assay (RIPA) lysis buffer containing phenylmethylsulfonyl fluoride (PMSF) (Beyotime Institute of Biotechnology), lysed and centrifuged at 4°C and 16,000 × g for 15 min, and the supernatant was taken for protein quantification. The protein was added with loading buffer, heated for denaturation, subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a membrane. The membrane was blocked with 5% skim milk for 2 h, added with primary antibodies for incubation at 4°C overnight and washed with tris buffered saline-tween (TBST) 3 times (10 min/time), followed by incubation with corresponding secondary antibodies at room temperature for 1 h and washing with TBST 3 times (10 min/time). Lastly, electrochemiluminescence (ECL) assay was performed to detect the protein expression in different samples.

### Statistical analysis

Data were expressed as mean ± standard deviation and analyzed through paired or unpaired t-test. Comparison between multiple groups was done using One-way ANOVA test followed by post hoc test (least significant difference). P\<0.05 indicates that the difference was statistically significant. Data were analyzed using the Statistical Product and Service Solutions (SPSS) 20.0 statistical software (IBM), and then GraphPad software (GraphPad Software, Inc.) was used for plotting.

Results
=======

### Protective effect of Flu on myocardial cells in infarction region in AMI mice

After ischemic preconditioning, MI occurred in AMI group and Flu group, and it was alleviated in Flu group compared with that in AMI group ([Fig. 1A](#f1-etm-0-0-8413){ref-type="fig"}). In AMI group, the level of antioxidant molecule superoxide dismutase (SOD) in serum dramatically declined compared with that in Sham group, while the level of oxidative damage marker malondialdehyde (MDA) was significantly higher than that in Sham group (P\<0.05). In Flu group, the level of SOD was significant higher compared with that in AMI group, and the level of MDA was significantly lower than that in AMI group (P\<0.05), indicating that Flu can exert an antioxidant effect in the protection of myocardial cells. In addition, there was no inflammatory cell infiltration, and the myocardial cells were arranged in an orderly manner in Sham group, AMI group had more inflammatory cell infiltration in the infarction region, disorderly myocardial fibers and fewer myocardial cells, and the inflammatory degree of myocardial cells was low and the myocardial cells were arranged in an orderly manner in Flu group ([Fig. 1A](#f1-etm-0-0-8413){ref-type="fig"}). The above results suggest that the degree of myocardial tissue damage in AMI mice declines after Flu treatment.

### Effect of Flu on myocardial apoptosis in infarction region in AMI mice

The results of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay showed that the number of apoptotic myocardial cells was obviously increased in AMI group compared with that in Sham group, while it was obviously decreased in Flu group compared with that in AMI group ([Fig. 1B and C](#f1-etm-0-0-8413){ref-type="fig"}). Compared with Sham group, AMI group had increased protein expression levels of Bax and nuclear factor-κB (NF-κB), decreased protein expression of Bcl-2 and increased Bax/Bcl-2 ratio in myocardial tissues. Compared with AMI group, Flu group had decreased protein expression levels of Bax and NF-κB, increased protein expression of Bcl-2 and decreased Bax/Bcl-2 ratio ([Fig. 2A and B](#f2-etm-0-0-8413){ref-type="fig"}). The above results suggest that Flu can alleviate myocardial apoptosis in the infarction region in AMI mice.

### Flu protects myocardial cells in infarction region in AMI mice through RhoA/ROCK pathway

The protein expression levels of ROCK1 and ROCK2 were evidently increased in AMI group compared with those in Sham group, while they were effectively inhibited by Flu ([Fig. 3A and B](#f3-etm-0-0-8413){ref-type="fig"}). After treatment with the RhoA/ROCK agonist Ang II, the protein expression levels of ROCK1 and ROCK2 increased, the protein expression levels of Bax and NF-κB increased and the protein expression of Bcl-2 was decreased showing the mitigation effect of Flu on myocardial apoptosis in the infarction region in AMI mice was weakened. The results indicated that the Rho kinase may be the target of Flu ([Figs. 3A and B](#f3-etm-0-0-8413){ref-type="fig"}, [4A and B](#f4-etm-0-0-8413){ref-type="fig"}).

Discussion
==========

AMI is one of the common diseases seriously threatening human health. Myocardial dysfunction caused by myocardial apoptosis is the main cause of heart failure. Studies have shown that when MI occurs, myocardial apoptosis is increased, the Bax protein is upregulated and the Bcl-2 protein is downregulated in the AMI animal model and humans ([@b15-etm-0-0-8413]--[@b17-etm-0-0-8413]). Therefore, inhibiting apoptosis may be an effective method to prevent MI ([@b18-etm-0-0-8413]--[@b20-etm-0-0-8413]). In the present study, the mouse model of AMI was established to confirm that exogenous injection of Flu can effectively alleviate ischemia-induced MI, inhibit pathological changes in myocardial tissues, reduce myocardial apoptosis and increase Bcl-2 protein expression, which demonstrates that Flu can relieve ischemic-induced AMI through inhibiting myocardial apoptosis.

Myocardial apoptosis mediated by oxidative stress and inflammatory response, and decrease of viable myocardial cells are the major causes of heart failure in AMI patients. Mitochondrial dysfunction of ischemic myocardial cells leads to massive synthesis and secretion of reactive oxygen species (ROS), induces oxidative stress response in cells, alters mitochondrial membrane permeability and causes myocardial apoptosis ([@b21-etm-0-0-8413]--[@b23-etm-0-0-8413]). Inhibiting the expression of inflammatory factors in myocardial tissues can effectively alleviate AMI-induced cardiac dysfunction. In the present study, the expression levels of CRP, tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) in serum and ischemic myocardial tissues after Flu treatment were detected, and it was proven that Flu exerts a protective effect on ischemic myocardial tissues through reducing oxidative stress and inflammatory responses of myocardial tissues.

The Rho kinase belongs to the serine/threonine kinase of the small G protein family (protein kinase A, G and C), and it is involved in various physiological functions of cells through the downstream effector ROCK, which is considered to be related to myocardial apoptosis and MI ([@b24-etm-0-0-8413]--[@b26-etm-0-0-8413]). Studies have shown that after myocardial ischemia-reperfusion, the expression levels of RhoA and ROCK are upregulated, the phosphorylation of I-κB is enhanced, and NF-κB is activated and enters the nucleus to induce expression of inflammatory factors, thereby promoting inflammatory cell infiltration and adhesion. Inhibiting ROCK activity or knocking out the ROCK gene can effectively reduce the leukocyte recruitment and adhesion, and inhibit the level of various inflammatory factors ([@b27-etm-0-0-8413],[@b28-etm-0-0-8413]). ROCK is also involved in regulating the oxidative stress response, and inhibiting ROCK activation can lower the expression and activity of NAD(P)H in endothelial cells, and reduce the production of ROS ([@b29-etm-0-0-8413]). Rho kinase activation can upregulate the expression levels of TNF-α and IL-6, and its inhibitors have a protective effect on the myocardium ([@b30-etm-0-0-8413]). In addition, studies have manifested that apoptosis can be induced through a variety of pathways after Rho kinase is activated, such as exogenous myocardial apoptosis through regulating the TNF-α expression ([@b16-etm-0-0-8413]), and myocardial apoptosis by regulating the mitochondrial pathway ([@b31-etm-0-0-8413]) and through regulating caspase-3 activity ([@b32-etm-0-0-8413]). In this study, the expression levels of ROCK1 and ROCK2 as well as the key transcription factor for inflammatory response, NF-κB, in myocardial tissues obviously declined after Flu treatment, suggesting that Flu exerts a protective effect against ischemia-induced AMI through regulating RhoA/ROCK.

In conclusion, the AMI model was established through acute myocardial ischemia in this study, to explore the effect of Flu on myocardial apoptosis and its protective mechanism in myocardial tissues. The results revealed that after Flu treatment, the MI severity and myocardial tissue lesions were effectively ameliorated in mice, the protein expression levels of Bax and NF-κB significantly declined, and the apoptotic myocardial cells were significantly reduced, whose mechanism may be that the activation of RhoA/ROCK signaling pathway is inhibited, thus suppressing the NF-κB-mediated inflammatory response, ROS-mediated oxidative stress and myocardial apoptosis. This study provides preclinical experimental support for the application of Flu and other statins in the prevention and treatment of AMI.
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![(A) H&E staining results of myocardial tissues in infarction zones in Sham group, AMI group and Fluvastatin (Flu) group. (B) TUNEL staining results of myocardial tissues in infarction zones in Sham group, AMI group and Flu group, with brownish-yellow nuclei for positive cells. (C) Quantitative analysis results of apoptosis, expressed as mean ± standard deviation, \*P\<0.05 compared with Sham group, ^\#^P\<0.05 compared with AMI group. H&E, hematoxylin and eosin; Sham, sham operation; AMI, acute myocardial infarction.](etm-19-03-2095-g00){#f1-etm-0-0-8413}

![(A) Bcl-2, Bax and NF-κB protein content in infarction zones in Sham group, AMI group and Fluvastatin (Flu) group detected through western blotting. (B) Quantitatively-analyzed results of Bcl-2, Bax and NF-κB protein content in infarction zones in Sham group, AMI group and Flu group, expressed as mean ± standard deviation, \*P\<0.05 compared with Sham group, ^\#^P\<0.05 compared with AMI group. Sham, sham operation; AMI, acute myocardial infarction; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2 associated X protein; NF-κB, nuclear factor-κB.](etm-19-03-2095-g01){#f2-etm-0-0-8413}

![(A) ROCK1 and ROCK2 protein content in infarction zones in Sham group, AMI group, Fluvastatin (Flu) group and Flu+Ang II (Ang II) group detected through western blotting. (B) Quantitatively analyzed results of ROCK1 and ROCK2 protein content in infarction zones in Sham group, AMI group, Flu group and Flu+Ang II (Ang II) group expressed as mean ± standard deviation, \*P\<0.05 compared with Sham group, ^\#^P\<0.05 compared with AMI group and ^+^P\<0.05 compared with Flu group. Sham, sham operation; AMI, acute myocardial infarction; ROCK1, (Rho)-associated coiled-coil protein kinase 1; ROCK2, (Rho)-associated coiled-coil protein kinase 2; Ang II, Angiotensin II.](etm-19-03-2095-g02){#f3-etm-0-0-8413}

![(A) Bcl-2, Bax and NF-κB protein content in infarction zones in Sham group, AMI group, Fluvastatin (Flu) group and Flu+Ang II (Ang II) group detected through western blotting. (B) Quantitatively-analyzed results of Bcl-2, Bax and NF-κB protein content in infarction zones in Sham group, AMI group, Flu group and Flu+Ang II (Ang II) group, expressed as mean ± standard deviation, \*P\<0.05 compared with Sham group, ^\#^P\<0.05 compared with AMI group and ^+^P\<0.05 compared with Flu group. Sham, sham operation; AMI, acute myocardial infarction; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2 associated X protein; NF-κB, nuclear factor-κB; Ang II, Angiotensin II.](etm-19-03-2095-g03){#f4-etm-0-0-8413}
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